INTRODUCTION
Copper is an essential micronutrient for most living organisms as a cofactor for proteins involved in various functions, including photosynthesis, scavenging reactive oxygen species, and ethylene sensing (Pilon et al., 2006) . The most abundant copper protein in higher plants is plastocyanin (PC), which is involved in photosynthetic electron transport in the thylakoid lumen. Another major copper protein, Cu/Zn superoxide dismutase (CSD), scavenges superoxide (Bowler et al., 1994) . The Arabidopsis thaliana genome encodes three isozymes of CSD, which are localized to the cytoplasm (CSD1), chloroplast stroma (CSD2), and peroxisome (CSD3) (Kliebenstein et al., 1998) .
In response to copper deficiency, plants modify the allocation of copper for the efficient utilization of the limited resource. The molecular mechanisms underlying the response to copper deficiency have been best characterized in a unicellular green alga, Chlamydomonas reinhardtii (Merchant et al., 2006) . In Chlamydomonas, the function of PC is taken over by that of cytochrome c 6 , which contains iron rather than copper as a cofactor (Merchant et al., 1991) . The transcription factor Copper response regulator1 (Crr1), containing a SBP (for SQUAMOSA promoter binding protein) domain, mediates this switching of photosynthesis machinery in response to copper deficiency and is also hypothesized to be somehow involved in copper sensing (Kropat et al., 2005) . However, the Arabidopsis genome does not encode an ortholog to the algal cytochrome c 6 (Weigel et al., 2003) , and it is likely that during evolution flowering plants abandoned this strategy of response to copper deficiency.
Instead, Arabidopsis, Physcomitrella patens, and Barbula unguiculata switch their type of superoxide dismutase (SOD) to adapt to copper deficiency (Shikanai et al., 2003; Abdel-Ghany et al., 2005; Yamasaki et al., 2007 Yamasaki et al., , 2008 Nagae et al., 2008) . In Arabidopsis, the production of CSD1 and CSD2 is downregulated and their function is replaced by Fe SOD in low-copper conditions (Abdel-Ghany et al., 2005) . Previously, we demonstrated that the miR398 family was involved in this regulation (Yamasaki et al., 2007) . miR398 is expressed only under copper deficiency and mediates the degradation of CSD1 and CSD2 mRNAs directly. Consequently, the limited copper is preferentially transferred to PC, which is essential for photosynthesis in higher plants (Weigel et al., 2003) .
Simultaneously, plants respond to copper deficiency by elevating copper uptake. In Arabidopsis, the expression of some copper transporter genes is upregulated in response to copper deficiency (Sancenó n et al., 2003; Wintz et al., 2003; Mukherjee et al., 2006) . In addition, plants mobilize the limited copper between tissues. A copper chaperone, CCH (for copper chaperone), may be involved in this process during senescence (Mira et al., 2002) . Production of CCH is also upregulated under copper deficiency. Although the physiology of adaptation to copper deficiency has been studied in higher plants, the molecular mechanism regulating gene expression in response to copper deficiency is unclear.
In this study, we present evidence that Arabidopsis SPL7, a member of the SPL (for SQUAMOSA promoter binding proteinlike) family, which has a SBP domain (Cardon et al., 1999) , activates the transcription of multiple genes involved in copper homeostasis, including miR398, some copper transporters, and CCH. We propose that SPL7 is a central regulator for copper homeostasis in Arabidopsis.
RESULTS

The cis Elements of the miR398 Promoter Are Essential for Response to Copper Deficiency
In Arabidopsis, the miR398 family consists of three genes, miR398a, -b, and -c. Copper deficiency upregulates the expression of miR398 and leads to the degradation of CSD1 and CSD2 mRNAs, which is essential for efficient utilization of limited copper (Yamasaki et al., 2007) . To study the molecular mechanism underlying the copper-dependent transcriptional regulation of miR398, we focused on its promoter. For the promoter analysis, we selected miR398c, as its transcription initiation site was determined by 59 rapid amplification of cDNA ends (Xie et al., 2005) . The PLACE prediction software (http://www.dna. affrc.go.jp/PLACE/signalscan.html) identified eight GTAC motifs in a region of <300 bp upstream of the miR398c transcription initiation site ( Figure 1A ). The miR398b promoter also contains eight GTAC motifs in the proximal region (-300 to -1), whereas there are no GTAC motifs in the corresponding region of miR398a. miR398b and miR398c respond similarly to copper deficiency (see Figure 4 below).
The GTAC motif is essential for transcriptional activation in response to copper deficiency in Chlamydomonas (Quinn et al., 2000) . This suggests that copper deficiency activates the transcription of miR398b and miR398c via these GTAC motifs also in Arabidopsis. To test this possibility, we constructed transgenic Arabidopsis plants that express the luciferase gene (LUC) driven by full and truncated versions of the miR398c promoter ( Figure  1A) . LUC driven by the putative full promoter, covering the -650 to +31 region (miR398c pro full:LUC), contained all eight GTAC motifs. LUC driven by the truncated promoter, covering the -650 to -296 region (miR398c pro D1:LUC), also contained the eight motifs. miR398c pro D2:LUC contained four motifs, miR398c pro D3:LUC contained two motifs, and miR398c pro D4:LUC contained none.
LUC activity in seedlings grown on MS medium (Murashige and Skoog, 1962) containing low (0.1 mM) and high (5 mM) copper ( Figure 1B ) was monitored with a charge-coupled device camera. In miR398c pro full:LUC lines, high LUC activity was detected only under low copper, consistent with the previous result of RNA gel blot analysis (Yamasaki et al., 2007) . LUC activity also responded strictly to copper status in miR398c pro D1:LUC and miR398c pro D2:LUC lines, although at a lower level than in the miR398c pro full:LUC lines. These results indicate that the -193 to +31 region containing four GTAC motifs is sufficient for the response to copper deficiency, although the further upstream region, especially -650 to -296, enhances the transcription in a copper-dependent manner. The miR398c pro D1:LUC lines responded to copper deficiency with smaller amplitude than the miR398c pro D2:LUC lines ( Figure 1B ). This result suggests that the -296 to -193 region on its own, containing four GTAC motifs, reduces the amplitude of the transcriptional response to copper deficiency, although it does not affect the response. In contrast, LUC expression did not respond to copper deficiency in the miR398c pro D3:LUC or miR398c pro D4:LUC lines.
Subsequently, we constructed transgenic Arabidopsis plants that express LUC driven by the -196 to -146 region of the miR398c promoter followed by the N46 minimum promoter (Odell et al., 1985) (Figure 2A ). This region contains two GTAC motifs that were shown to be essential for the response to low copper (Figure 1 ). LUC activity responded to copper status in the GTAC normal line ( Figure 2B ). In GTAC modI and GTAC modII lines, in which the GTAC motif located at -185 to -182 or -157 to -154 was modified to CATG, LUC activity also responded to copper status. However, LUC activity did not respond more to copper status in the GTAC modI+II line, in which both GTAC motifs were modified to CATG, as in the line lacking the miR398 promoter region (control). We conclude that the GTAC motif located at -185 to -182 or -157 to -154 is sufficient for the response to copper deficiency and also necessary at least in the absence of upstream GTAC motifs (see Discussion).
SPL7 Activates miR398 Transcription under Low-Copper Conditions
Members of the SPL family were predicted to recognize and bind to GTAC motifs in Arabidopsis Liang et al., 2008) . The SPL family is encoded by 16 genes in Arabidopsis ( Figure 3A ). Because Crr1, which is involved in copper homeostasis in Chlamydomonas (Kropat et al., 2005) , recognized and bound to a GTAC motif, it is also possible that a member of the SPL family is involved in the copper response of miR398 expression via binding of its GTAC motifs in Arabidopsis. To assess this possibility, we examined a T-DNA insertion line (SALK_093849, At5g18830) of SPL7, which showed the highest similarity to Chlamydomonas Crr1 ( Figure 3A) . The SPL7 gene consists of 10 exons and 9 introns and encodes a larger protein than the other members ( Figure 3B ). In spl7, T-DNA was inserted into the fifth intron, and RT-PCR indicated that the intron was not precisely spliced (Figures 3B and 3C, primer set B) . If the mutant version of SPL7 is expressed, as suggested by a result of RT-PCR using primer set A ( Figures 3B and 3C ), the C-terminal 422 amino acids are truncated in the mutant protein in spl7 ( Figure  3D ). The severe phenotypes reported here (see Figures 4, 7, and 10 below) indicate that the C-terminal part of SPL7 is essential for the function or stabilization of SPL7. Except for the SBP domain that is predicted to bind to a GTAC motif ( Figure 3D , blue box), a nuclear localization signal ( Figure 3D , pink boxes), and a wellconserved unknown motif ( Figure 3D , yellow boxes), there was no similarity between Crr1 and SPL7. Although Crr1 has four putative metal binding motifs, CXXC, in the C-terminal region ( Figure 3D , green boxes), the motifs were not conserved in SPL7.
We grew the spl7 mutant in copper-deficient and -sufficient conditions and determined the levels of miR398 mRNA in the seedlings. Although the sequences of miR398b and miR398c were almost the same except for four nucleotides even in the precursors, we successfully detected microRNA precursors separately by the specific primer sets recognizing the minor differences in their sequences (see Supplemental Figure 1 online). RT-PCR analysis showed that the levels of miR398b and miR398c mRNA were below the detection limit in the spl7 mutant even under low copper ( Figure 4A ). For more quantitative analysis, we performed real-time PCR (see Supplemental Figure 2A online); because of the high degree of sequence similarity, in this experiment we detected miR398b and miR398c as a mixture. In contrast to miR398b and miR398c, the level of miR398a was constant in all copper conditions tested in both the wild type and spl7; this is consistent with the observation that the miR398a promoter region does not contain any GTAC motifs. The impact of the constant expression of miR398a on the copper response is likely to be subtle, since its expression level is quite low compared with that of miR398b and miR398c. Although we previously reported that miR398a also responded to copper (Yamasaki et al., 2007) , it is likely that we detected miR398b and miR398c due to their high similarity to miR398a.
Consistent with the absence of miR398b and miR398c expression, CSD1 and CSD2 mRNAs accumulated even under low copper in spl7 ( Figure 4A ; see Supplemental Figure 2A online). Protein gel blot analysis also showed high levels of CSD1 and CSD2 even under low copper ( Figure 4B ; see Supplemental Figure 3 online). The response to copper status was almost restored in spl7 transformed with SPL7 cDNA driven by the cauliflower mosaic virus 35S promoter ( Figure 4A , SPL7comp). These results indicate that SPL7 activates the transcription of miR398b and miR398c in response to copper deficiency.
The level of PC is restricted by copper supply via conversion from its apoprotein rather than via transcriptional control in Arabidopsis (Abdel-Ghany et al., 2005) . In spl7, the PC level is lower especially at low copper concentrations ( Figure 4B ), (A) The -196 to -146 region of the miR398c promoter was fused with the minimal promoter of 46N. To adjust the distance from GTAC motifs to the transcriptional start site, the 100-bp unrelated sequence derived from pBI121 was inserted between them. The chimeric promoter was placed in front of the LUC gene. The GTAC motif was replaced by the mutant CATG as indicated. (B) Relative LUC activity in four independent T1 plants. The measurements are normalized so that luciferase activity at 5 mM copper (black) is set to 1. Note that the scales of the y axes differ among panels.
suggesting the competition of copper acquisition between PC and other copper proteins, including CSD1 and CSD2.
The SBP Domain of SPL7 Binds to the GTAC Motifs of the miR398c Promoter
To study whether SPL7 interacts directly with the miR398 promoter via its GTAC motifs, we produced the SBP domain of SPL7 as a fusion protein with a His tag in Escherichia coli and used the purified recombinant protein in an electrophoretic mobility shift assay. The 40-nucleotide promoter sequence, including one of the GTAC motifs (-185 to -182) that are sufficient for the copper response (Figure 1 ), was labeled by digoxigenin and used as a probe. Addition of the 300 nM SBP domain protein efficiently retarded the mobility of the probe, revealing two shift bands ( Figure 5A ). The binding was impaired by the addition of a cold competitor probe containing the same sequence, and the shifted band was completely negated by the addition of 503 competitor. However, the addition of 1003 cold Act12 DNA, which is not related to the miR398c promoter sequence, did not alter the shift pattern.
To test whether the SBP domain interacts with the miR398c promoter via its GTAC motifs, we used a mutant version of the sequence, in which the GTAC motif was altered to CATG, as a competitor ( Figure 5B ). Although addition of 503 to 1003 mutated competitor slightly reduced the extent of the shift, the reduction was much lower than that of the wild-type competitor. Similarly, no shift band was detected when the digoxigeninlabeled mutant version of miR398c promoter was directly used as a probe ( Figure 5C ). This result and the genetic evidence ( Figures 1 to 4) show that SPL7 interacts directly with the miR398c promoter via its GTAC motifs and activates the transcription of miR398c under copper deficiency.
SPL7 Is Constitutively Expressed Mainly in Roots
Quantitative RT-PCR analysis indicates that SPL7 mRNA accumulates mainly in roots but also in stems and flowers ( Figure 6A ). A trace amount of RNA was detected in rosette leaves, but the level was less than the detection limit in cauline leaves. In contrast, miR398b and miR398c were expressed mainly in leaves ( Figure 6A ) (Sunkar et al., 2006) . Consistent with the previous report (Yamasaki et al., 2007) , CSD2 mRNA accumulates in tissues where miR398b/c RNA does not accumulate ( Figure 6A ). Although aerial tissues were harvested from plants grown on soil, roots came from seedlings grown on MS medium containing 5 mM CuSO 4 ( Figure 6A ). It is apparent that at least some aerial tissues experience mild copper deficiency in plants grown on soil, even when copper is replete in roots. To exclude the effect of different culture conditions and to study the impact of the different copper levels on gene expression, we harvested roots and rosette leaves from seedlings grown on MS medium containing 0.1 and 5 mM CuSO 4 ( Figure 6B ). Although the SPL7 mRNA accumulates mainly in roots, a low level of the transcript was detected in leaves from seedlings cultured on the medium. The difference in copper level did not affect the SPL7 mRNA Figure 3C . The primer sequences are described in Supplemental Table 5 levels in roots or leaves. In contrast, the level of miR398b/c and consequently the level of CSD2 mRNA responded strictly to the difference in copper level, as described previously (Yamasaki et al., 2007) . We conclude that the level of SPL7 mRNA is not as strongly affected by the copper level as Chlamydomonas CRR1 mRNA (Kropat et al., 2005) , suggesting that SPL7 is involved in the primary process of copper sensing.
SPL7 Regulates the Accumulation of a Set of Copper Proteins via Multiple MicroRNAs
SPL7 activated the transcription of miR398b and miR398c in response to copper deficiency (Figures 1 to 5 ). It is possible that SPL7 regulates the expression of other genes involved in copper homeostasis under copper deficiency. As well as miR398b and miR398c, the expression of miR397 and miR408 was upregulated specifically under low copper (Abdel-Ghany and . Whereas miR397 targets laccases lac2, lac4, and lac17 mRNAs, miR408 is involved in degrading lac3 and plantacyanin mRNAs (Abdel-Ghany and . Laccases encoded by lac genes and plantacyanin are apoplastic copper proteins that are believed to mediate lignin polymerization (Sterjiades et al., 1992; Bao et al., 1993; Nersissian et al., 1998) . Additionally, miR857 was predicted to target lac7 mRNA from a genome-wide bioinformatic analysis (http://asrp.cgrb.oregonstate.edu/db/ analyzeList.html). We analyzed the induction of these microRNAs in response to copper deficiency in the wild type and spl7 ( Figure 7A ). Consistent with an earlier report (Abdel-Ghany and , expression of miR397a and miR408 was upregulated under low copper in the wild type, as was expression of miR857. In the spl7 background, however, the levels remained low even under copper deficiency ( Figure 7A ). This result indicates that SPL7 also activates the transcription of miR397, miR408, and miR857. We conclude that SPL7 is a central gene regulating the levels of many copper proteins, including Cu/Zn SOD, laccases, and plantacyanin, via microRNAs such as miR397, miR398b, miR398c, miR408, and miR857.
SPL7 Regulates the Level of Copper Uptake and the Delivery System
One of the strategies by which plants respond to nutrient deficiency is to upregulate genes encoding nutrient uptake proteins (Puig et al., 2007) . The expression of some copper transporter genes responded to copper deficiency (Sancenó n et al., 2003) . COPT1 (for Copper transporter1) and COPT2 are high-affinity copper transporters (Sancenó n et al., 2003) , and ZIP2 (for ZRT, IRT-like protein) and ZIP4 are putative divalent cation uptake transporters for copper and zinc (Wintz et al., 2003) . Expression of the ferric-chelate reductase gene FRO3, involved in the reduction of divalent copper to monovalent copper, was also upregulated upon copper limitation (Mukherjee et al., 2006) . We analyzed the response of these genes to copper deficiency ( Figure 7B ). We did not detect clear upregulation by copper deficiency in ZIP4 even in roots of the wild type ( Figure  7B ). In contrast, the expression of COPT1, COPT2, ZIP2, and FRO3 was increased under copper deficiency in wild-type roots. In contrast, their expression levels remained low under copper deficiency in spl7 roots ( Figure 7B ). Interestingly, FRO3 mRNA accumulated in spl7 under high copper (5 mM), although it was not detected in the wild type. This result suggests that SPL7 mediates the transcriptional upregulation of COPT1, COPT2, ZIP2, and FRO3 in response to copper deficiency and probably also the transcriptional suppression of FRO3 under copper sufficiency. All of the results of RT-PCR were consistent with the information independently obtained by microarray analysis (see Supplemental Table 1 online) .
The copper chaperone CCH donates copper to a P-type ATPase, RAN1, and its production also is upregulated under copper deficiency (Mira et al., 2002) . It has been proposed that CCH is also involved in the mobilization of copper between tissues during senescence. We observed the accumulation of CCH mRNA under low copper in the wild type ( Figure 7C ). In spl7, however, the mRNA level remained low under low copper.
Another copper chaperone, ATX1 (for Antioxidant 1), was expressed constitutively, and its expression was not disturbed in spl7. This result indicates that SPL7 regulates the expression of CCH in response to copper deficiency. These results are consistent with the information obtained by microarray analysis (see Supplemental Table 1 online) . Taking all results together ( Figures  6 and 7) , we conclude that SPL7 is a central regulator of copper homeostasis in Arabidopsis, modulating the levels of copper proteins, copper transporters, and a chaperone directly or indirectly via microRNAs.
SPL7 Regulates Many Genes in Response to Copper Deficiency
To characterize the copper-responsive gene network regulated by SPL7 more extensively, we performed microarray analysis in the wild type and spl7 grown in the copper-deficient and -sufficient conditions. In addition to the genes detected by RT-PCR (Figures 4 and 7) , we identified 19 candidate genes that were upregulated >20 times in the wild type grown in low-copper conditions compared with spl7 cultured in the same conditions (see Supplemental Table 2 online). The genes discovered in RT-PCR (Figure 7) are not included in this table, since the induction by copper deficiency was less than 20 times that in the wild type and is separately listed in Supplemental Table 1 . We also performed the RT-PCR analysis for some representative genes (Figure 8 ). The Fe SOD gene, FSD1, is upregulated in response to copper deficiency in the wild type (Abdel-Ghany et al., 2005) (Figure 8 ), but FSD1 did not respond to copper deficiency in spl7. YSL2 encodes a metal-nicotianamine transporter, involving the lateral movement of metals, especially iron and also copper, in the vasculature (DiDonato et al., 2004) . Its copper response was also shown to be SPL7-dependent. In addition, the transcript levels of a novel basic helix-loop-helix (bHLH)-type transcription factor (At1g71200), TAT3 encoding tyrosine amino transferase, and two unknown genes (At4g05616 and At4g21840) were low in spl7 even in low-copper conditions compared with those in the wild type (Figure 8) .
On the contrary, we detected some candidate genes that were upregulated in spl7 grown in low-copper conditions compared with wild-type plants cultured in the same conditions (see Supplemental Table 3 online). As a representative, the RT-PCR data are shown for CCS, encoding copper chaperone for CSD1 and CSD2 (Figure 8 ). This type of response may be due to the secondary effects of drastic phenotypes of spl7 cultured in low-copper conditions (see Figure 10A below) in some candidate genes. These results indicate that SPL7 regulates the expression of many genes directly or indirectly in response to copper deficiency.
Nickel Mimics Copper in Response to Copper Deficiency
In Chlamydomonas, nickel induces a copper-deficient response even under copper sufficiency (Kropat et al., 2005) . This result suggests that nickel has the potential to interfere with copper sensing, possibly by directly binding to Crr1, causing misregulation of the response to copper deficiency. To test whether nickel interferes with copper sensing also in Arabidopsis, we analyzed the accumulation of CSD1 and CSD2 in the presence of nickel plus high-level copper (5 mM). In contrast to the observation in Chlamydomonas (Kropat et al., 2005) , both CSDs were not downregulated in the presence of nickel under copper sufficiency, implying that miR398b/c were not upregulated in these conditions (see Supplemental Figure 3 
online).
Subsequently, we analyzed the expression of miR398b/c in seedlings grown on medium containing low copper and various concentrations of nickel. RT-PCR analysis showed that expression of miR398b/c was suppressed by nickel even under low copper ( Figure 9A) . Consequently, the level of CSD2 mRNA was increased under high nickel because of the reduction in miR398b/c level. The levels of CSD1 and CSD2 protein were also increased by nickel feeding, reflecting the increase in RNA levels ( Figure 9B ). Cytochrome f was not detected in the presence of 100 mM NiCl 2 , possibly because of secondary effects. Our results are in contrast with the observation in Chlamydomonas, where nickel inhibited copper sensing (Kropat et al., 2005) : in Arabidopsis, nickel mimics copper in the plant response to copper deficiency. 
roots (R) or for 5 weeks on soil for the preparation of rosette leaves (RL), cauline leaves (CL), stems (S), and flowers (F). Error bars indicate SD (n = 3). (B)
Quantitative RT-PCR analysis of the response to copper deficiency. Roots (R) and rosette leaves (RL) were harvested from seedlings grown for 3 weeks on MS medium containing 0.1 or 5 mM CuSO 4 . Error bars indicate SD (n = 3). The primer sequences are described in Supplemental Table 6 online.
spl7 Is Hypersensitive to Copper Deficiency SPL7 is essential to activate a series of gene expression in response to the copper deficiency (Figures 4, 7 , and 8; see Supplemental Tables 1 to 3 online). To study the physiological significance of this regulatory process, we grew spl7 on media containing various concentrations of copper ( Figure 10 ). As reported previously (Abdel-Ghany et al., 2005) , the 0.1 mM copper in the original MS medium was not sufficient for Arabidopsis seedlings, and wild-type seedlings were slightly smaller than those grown with higher levels of copper ( Figures 10A and  10B ). In the presence of 0.3 mM copper, however, seedling growth was almost saturated, suggesting that this copper level was optimal. Consistently, the level of miR398b was drastically decreased upon an increase in copper from 0.1 to 0.5 mM in the wild type (Yamasaki et al., 2007) . In contrast, seedling growth was drastically impaired in spl7, especially at copper levels of <0.5 mM (Figures 10A and 10B) , indicating that the response to copper deficiency via SPL7 is physiologically significant.
Since SPL7 is essential to the expression of genes involved in copper uptake (COPT1, COPT2, ZIP2, and FRO3) ( Figure 7B ), it is likely that the copper content is reduced in spl7 seedlings grown under low copper. To study this possibility, we determined the copper contents in wild-type and spl7 seedlings grown with various concentrations of copper ( Figure 10C ). Despite the severe phenotype of spl7 under low copper, the copper level was comparable between spl7 and the wild type at all concentrations of copper ( Figure 10C ). This result suggests that copper uptake was compensated by other copper transporters (COPT3, COPT4, COPT5, and possibly ZIP4) in spl7 and that SPL7 is required for allocating limited copper in plants under low copper, rather than activating copper uptake in roots.
Seedling growth was still slightly impaired even in the presence of 2 mM copper in spl7, although it was almost completely suppressed by 5 mM copper ( Figure 10B ). This result is consistent with the fact that a trace amount of miR398b RNA was detected in the presence of 2 mM copper, although the amount was less than the detection limit at 5 mM copper (Yamasaki et al., 
2007
). This result suggests that the function of SPL7 is required even under copper sufficiency, although its function is more important in copper deficiency.
DISCUSSION
A prototype of transcription factors containing a SBP domain is SQUAMOSA promoter binding protein, which regulates the expression of MADS box genes during early flower development in Antirrhinum majus (Klein et al., 1996) . Family members have been reported in many plants, including Chlamydomonas (Kropat et al., 2005) and P. patens (Riese et al., 2007) , as well as in higher plants such as Zea mays (Moreno et al., 1997) but not in animals or fungi. In Arabidopsis, the SPL family is encoded by 16 genes (Figure 2A ). SPL3 is involved in flowering (Cardon et al., 1997) , and SPL8 is involved in pollen sac development via the mediation of gibberellin signaling (Unte et al., 2003; Zhang et al., 2007) . In this study, we demonstrate that SPL7 is a central regulator for copper homeostasis, operating especially under copper deficiency. In contrast to other members containing a C3H-type N-terminal zinc finger, SPL7 has a C4-type zinc finger and is classified into subgroup A1.4 (Yang et al., 2008) . A1.4 members are most closely related to Chlamydomonas Crr1 ( Figure 3A) .
The SBP domain of the SPL family members binds to the GTAC motif . Using the in vitro assay (Figure 5 ), we also demonstrated that the GTAC motif in the miR398c promoter is essential for binding with SPL7. Including the GTAC motif used in this assay (2185 to 2182), the miR398c promoter contains eight GTAC motifs within 300 nucleotides ( Figure 1A) . The presence of multiple GTAC motifs also characterizes the promoters of genes that are shown to be under the control of SPL7. Multiple GTAC motifs are included in the promoter region (within 600 nucleotides) of miR397 (7), miR408 (10), miR857 (6), COPT1 (4), COPT2 (4), ZIP2 (5), and CCH (4). Although the expression of FRO3 responds to copper, the FRO3 promoter contains no GTAC motifs, implying that an unknown transcription factor secondarily mediates this signaling from SPL7. Actually, we showed that the transcript level of some transcription factors is elevated in low-copper conditions via the function of SPL7 (Figure 8 ; see Supplemental Table 2 online) . Recently, the GTAC motifs present in the Fe SOD gene of a moss, B. unguiculata, were shown to be responsible for repressing the gene expression in the presence of copper (Nagae et al., 2008) . The promoter of an Arabidopsis Fe SOD gene, FSD1, is also characterized by the presence of multiple GTAC motifs, but they are likely to be involved in the activation of gene expression in the absence of copper (Figure 8 ).
Although we demonstrated that two GTAC motifs localized at -185 to -182 and -157 to -154 are sufficient for the response to copper deficiency (Figure 2 ) and also necessary at least in the absence of upstream GTAC motifs (Figure 1) , it is possible that the distal six GTAC motifs also contribute to binding to SPL7 in vivo. In fact, the miR398c pro full::LUC lines containing mutations in the proximal third and fourth GTAC motifs (GTAC was substituted by CATG) still responded to copper deficiency (see Supplemental Figure 4 online). These mutations suppress the binding of the SBP domain to the promoter region in vitro ( Figure  5B ), suggesting that the mutant motifs are also inactive in vivo. It is probable that SPL7 can alternatively bind to some GTAC motifs to activate transcription.
Arabidopsis SPL7 is closely related to Chlamydomonas Crr1 in structure and function ( Figure 3A) . Both activate the transcription of a set of genes in response to copper deficiency via binding to the GTAC motifs and are possibly also involved in copper sensing (Kropat et al., 2005) . However, the strategies of response to copper deficiency show diversity between green algae and flowering plants. Crr1 activates a set of genes including CYC6, encoding cytochrome c 6 , a heme-containing substitute for coppercontaining PC (Eriksson et al., 2004) . During their evolution, land plants are likely to have abandoned this strategy, and PC is essential for photosynthesis in Arabidopsis (Weigel et al., 2003) . Instead, Arabidopsis switches SODs in response to copper deficiency (Abdel-Ghany et al., 2005) . However, the Chlamydomonas genome does not encode Cu/Zn SOD (Merchant et al., 2007) , and Fe SOD is likely to function constitutively. Thus, although the central gene for copper homeostasis is conserved between Arabidopsis and Chlamydomonas, SPL7 and Crr1, respectively, activate different sets of genes in response to copper deficiency, leading to different strategies. To downregulate the expression of several genes under copper deficiency, Arabidopsis uses microRNAs: miR397, miR398, miR408, and miR857 (Figures 4 and 7) .
Although SPL7 mRNA is constitutively detected in some tissues, SPL7 activates transcription only under low copper (Figure 6 ). This result implies that SPL7 is involved in the primary sensing of copper concentration. What is the mechanism of copper sensing for regulating transcription factors? In Schizosaccharomyces pombe, the cellular localization of a central transcription factor, Cuf1, is regulated by copper (Beaudoin and Labbé , 2007) , and its C-terminal Cys-rich region is involved in copper sensing (Beaudoin and Labbé , 2006) . In Chlamydomonas, however, Kropat et al. (2005) proposed a model of copper sensing via Crr1, a member of the plant-specific family of transcription factors. Under copper sufficiency, copper may occupy the zinc binding site of the SBP domain of Crr1 or bind to the Cys-rich C-terminal region, resulting in inactivation of Crr1.
In SPL7, however, the putative Cys-rich region is not conserved ( Figure 3D ). Therefore, inactivation of SPL7 may be mediated by some unidentified copper-sensing protein in Arabidopsis. It is also possible that the stability of SPL7 is regulated by the monitoring of copper status. Although SPL7 mRNA accumulated under any copper conditions ( Figure 6B ), we could not detect the fusion of the SPL7 protein with a T7 tag even under the control of the 35S promoter. SPL7 protein may be degraded via an unknown mechanism such as ubiquitination under high copper. It may be directly modified by copper to be recognized for degradation. Alternatively, SPL7 binding protein may be modulated by copper to activate the degradation of SPL7.
In Chlamydomonas, nickel activates Crr1 function even under copper sufficiency (Quinn et al., 2003) . This result is explained by the binding of nickel to the putative copper binding site of Crr1, disturbing the copper sensing. However, nickel mimics copper under low copper in Arabidopsis (Figure 9 ). This discrepancy is most simply explained by the structural difference between SPL7 and Crr1. Nickel binding instead of copper may not inhibit Crr1 function in transcriptional activation, thus causing the disruption of copper sensing under copper sufficiency in Chlamydomonas. In contrast, binding of nickel as well as copper may inhibit SPL7 function in transcriptional activation, resulting in the disruption of copper sensing under copper deficiency in Arabidopsis. It is also possible that nickel binds to the other protein involved in primary copper sensing and the information is transferred to SPL7 in Arabidopsis. This difference in nickel sensitivity may have a physiological reason: although nickel is not essential for Chlamydomonas, it is essential for Arabidopsis, especially for nitrogen metabolism as a cofactor of urease (Witte et al., 2005) . Despite its significance, excess nickel is toxic because of the production of reactive oxygen species, leading to lipid peroxidation (Freeman et al., 2004) . The strategy for managing excess nickel may partly overlap that for managing excess copper, and SPL7 may have dual functions. spl7 plants showed a severe phenotype under low copper (Figure 10 ). Since the seedlings were grown on medium containing sucrose, the phenotype cannot be explained by the lack of holo-PC, which is essential for photosynthesis. Thus, this phenotype clearly indicates the significance of copper homeostasis maintained by SPL7 in Arabidopsis. Since the expression of other metal transporters was reduced in spl7 ( Figure 7B) , it is also possible that zinc or ion levels were also affected. Actually, our microarray analysis clarified the gene network that responds to copper deficiency (Figure 8 ; see Supplemental Tables 1 to 3  online) . YSL2 is upregulated in response to copper deficiency, which is probably required for appropriate copper redistribution and also for the iron trafficking in low-copper environments. Since the YSL2 promoter region contains five GTAC motifs within 1000 bp, YSL2 may be directly regulated by SPL7. In spl7, the transcript levels of some transcription factors were reduced. The candidates include the putative bHLH-type transcription factor (At4g25100) containing six GTAC motifs within its 1000-bp promoter region. Therefore, SPL7 may indirectly regulate several genes that do not contain GTAC motifs by directly regulating these transcription factors.
Unexpectedly, spl7 seedlings grown on low-copper media contained the same level of copper as the wild-type seedlings ( Figure 10C ), although they could not upregulate the expression of copper transporter genes ( Figure 7B ). The levels of COPT1 and COPT2 mRNA were much higher in leaves than in roots (Sancenó n et al., 2003) . Upregulation of these copper transporter genes under low copper may be relevant to appropriate copper distribution in plants rather than to incorporation into root cells. Even in the presence of 2 mM CuSO 4 , spl7 seedling growth was somewhat suppressed, suggesting that some tissues experience copper deficiency even when roots are replete. Although SPL7 is expressed mainly in roots, where plants probably sense copper availability, the mRNA for its direct target gene, miR398, is found mainly in leaves ( Figure 6 ). We still cannot explain this discrepancy. Recently, miR398 RNA was found in the phloem of Brassica napus (Buhtz et al., 2008) , suggesting the movement of the microRNA. However, it is puzzling that many candidates for the direct target of SPL7 are expressed also in shoots except for miR398b and miR398c (Figures 7 and 8 ; Supplemental Tables  1 and 2 online) . To understand the mechanism of copper homeostasis in multicellular plants, we cannot model the function of SPL7 based on simple analogy with Chlamydomonas Crr1.
METHODS Plant Materials and Growth Conditions
Arabidopsis thaliana ecotype Columbia gl1 was used as the wild type. A mutant defective in the SPL7 gene was obtained from the Salk T-DNA collection (http://signal.salk.edu). Seedlings were grown on agar-solidified MS medium including 1% sucrose and the indicated concentrations of CuSO 4 and NiCl 2 under controlled conditions (light intensity of 40 mmol·m -2 ·s -1 , 16/8-h light/dark cycle at 238C). For LUC assay using the T1 generation, 2-week-old T1 plants grown on MS medium containing 5 mM CuSO 4 and 40 mg/L kanamycin were transferred to MS medium containing 5 mM CuSO 4 and cultured for 3 d. After monitoring LUC activity, plants were transferred again to standard MS medium containing 0.1 mM CuSO 4 and were cultured for an additional 3 d, then Luc activity was monitored again.
Plasmid Construction
Primer sequences can be found in Supplemental Table 4 online. To construct miR398c pro full, D1, D2, D3, and D4:LUC, we PCR-amplified the miR398c promoter region using primers miR398c pro-F and miR398c pro-R for miR398cp full:LUC, miR398c pro-F1 and miR398c pro-R for miR398c pro D1:LUC, miR398c pro-F2 and miR398c pro-R for miR398c pro D2:LUC, miR398c pro-F3 and miR398c pro-R for miR398c pro D3: LUC, and miR398c pro-F4 and miR398c pro-R for miR398c pro D4:LUC. The PCR products were digested with BglII and NcoI and cloned into the pBI221LUC+ vector (Ono et al., 2004) . The resulting plasmids were digested with SalI and EcoRI, and the inserts were cloned into pBIN19. For SPL7comp, the SPL7 cDNA sequence was amplified by RT-PCR using primers SPL7ox-F and SPL7ox-R. The PCR products were digested with XbaI and SacI and then cloned into pBI121, which contained the hygromycin resistance gene. For construction of miR398c pro modI: LUC, we used primers miR398c pro-F and miR398c modI-R for template 1 and miR398c modI-F and miR398c pro-R for template 2. The resulting products were fused by recombinant PCR (Rashtchian, 1995) using primers miR398c pro-F and miR398c pro-R and then cloned into pBIN19 in the same way as miR398c pro full:LUC. miR398c pro modII:LUC was constructed in the same way as miR398c pro modI:LUC. We used primers miR398c pro-F and miR398c modII-R for template 1 and miR398c modII-F and miR398c pro-R for template 2. To construct miR398c pro modI+II:LUC, the miR398c promoter region was amplified from the modII:LUC plasmid using primers miR398c pro-F and miR398c modII-R for template 1 and miR398c modII-F and miR398c pro-R for template 2 and then cloned into pBIN19. For the control, we amplified the sequence of pBI121 using primers pBI121-F and pBI121-R, and the resulting PCR product was digested with SalI and BglII and cloned into the pBI221LUC+ vector. Finally, the plasmid was digested with HindIII and EcoRI and cloned into pBIN19. For the GTAC normal, the promoter region of miR398c was amplified by primers miR398c proHindIII-F and miR398c proSalI-R. The PCR products were digested with HindIII and SalI and cloned into the control vector. For GTAC modI, modII, and modI+II construction, the vector sequences of miR398c pro modI, modII, and modI+II:LUC were amplified by primers miR398c proHindIII-F and miR398c proSalI-R and cloned into pBIN19 in the same way as for the GTAC normal.
In Vivo Luciferase Assay
One millimolar luciferin (Invitrogen) was sprayed on 2-week-old seedlings, and the luminescence was captured by a charge-coupled device camera. The luciferase activity was calculated by Aquacosmos software (Hamamatsu Photonics).
Production of the Recombinant SBP Domain of SPL7
The sequence encoding the SBP domain of SPL7 was amplified by RT-PCR using primers SBP-NcoI-F and SBP-XhoI-R and was cloned into pET-30a(+) (Novagen). The resulting plasmid was introduced into Escherichia coli BL21-Gold (Stratagene). Production of the SBP domain fused with the His tag was induced by 1 mM isopropyl-b-D-thiogalactopyranoside at 378C, and the recombinant protein was purified with the HisTrap system (GE Healthcare).
Electrophoretic Mobility Shift Assay
The miR398c promoter region containing 40 nucleotides (59-TTGTAAAT-CAGTTTCGCAGTACACAATTCTGTAGGTTTTT-39) was labeled by digoxigenin in the DIG Gel Shift kit, second generation (Roche). SBP domain protein (300 ng) was incubated with 1 ng of probe DNA and various concentrations of competitor DNA at room temperature for 15 min. The sequences of competitors are 59-GAAAATGGCCTTTTAA-CCTTTTTCTTAGGCCCAAATGGGC-39 for Act12 and 59-TTGTAAA-TCAGTTTCGCACATGACAATTCTGTAGGTTTTT-39 for miR398mut (the underlined area indicates sequence modification). The samples were loaded onto 7.5% (w/v) polyacrylamide gels and run at 48C for 1.5 h at 0.8 V/cm 2 in 0.53 TBE electrophoresis buffer (44.5 mM Tris base, 44.5 mM boric acid, and 1 mM EDTA). DNA was blotted onto a nylon membrane and detected with digoxigenin-specific antibodies.
RNA Extraction and RT-PCR Analysis
Total RNA was isolated from many 2-week-old seedlings grown on MS agar medium supplemented with CuSO 4 by Sepazol reagent (Nakarai). Five micrograms of total RNA was used for cDNA synthesis in the SuperScript III First-Strand Synthesis System for RT-PCR (Invitrogen). To detect PCR products, ethidium bromide staining was used. Primer sequences used for RT-PCR are described in Supplemental Table 5 online. The results were confirmed using two or three independent biological replicates. The number of PCR cycles was optimized for each primer set to be in the linear range of amplification.
Immunoblot Analysis
Rosette leaves (0.1 g) in 3-week-old seedlings were harvested and ground in protein extraction buffer as described (Abdel-Ghany et al., 2005) . The total protein concentrations were determined by protein assay (Bio-Rad). Twenty micrograms of proteins was loaded onto 15% SDS-PAGE gels. Proteins were blotted onto nitrocellulose membranes and incubated with specific antibodies. Then the blots were incubated with alkaline phosphatase-conjugated secondary antibody (Sigma-Aldrich), and signals were detected by 5-bromo-4-chloro-3-indolyl phosphate/ nitroblue tetrazolium color reaction and developed to be in the linear range of detection (Sigma-Aldrich). Detection of dilution series of the protein samples indicates that the detection of CSDs and PC is 50 and 25% sensitive, respectively.
Copper Ion Measurement
Three-week-old seedlings were dried overnight at 608C and then aciddigested in 1 mL of HNO 3 for 5 min in a 500-W microwave oven at full power. Samples diluted with water were analyzed by atomic absorption spectrophotometry (Unicam).
Microarray Analysis
Total RNA was isolated from 2-week-old wild-type and spl7 seedlings grown on MS agar medium and MS agar medium supplemented with 5 mM CuSO 4 by the RNeasy Plant Mini kit (Qiagen). Microarray analysis was performed as recommended by the manufacturer's instructions (Agilent Technologies). Total RNA was used to produce Cy3-labeled complementary RNA probes. The labeled probes were hybridized to an Agilent Arabidopsis 3 Oligo Microarray (Agilent Technologies). Feature extraction software and GeneSpring (Agilent Technologies) were used to locate and delineate every spot in the array and to integrate the intensity, filtering, and normalization of each spot. Three RNA samples isolated from independent plant materials were analyzed.
Quantitative RT-PCR Analysis
Transcript levels were assayed using the qPCR system (Mx30000p, Stratagene) and the Brilliant SYBR Green QPCR Master Mix (Stratagene). Three RNA samples isolated from independent plant materials were analyzed. Transcript abundance for wild-type plants grown on MS medium (a and d), roots (b), and roots of wild-type plants grown on MS medium (c) was normalized to 1 for each gene. Primer sequences are described in Supplemental Table 6 online.
Accession Numbers
Sequence data from this article can be found in the Arabidopsis Genome Initiative and GenBank/EMBL databases under the following accession numbers: SPL7, AT5G18830 and Q8S9G8; CSD1, AT1G08830 and Q9FRQ6; CSD2, AT2G28190 and O78310; ACT12, AT3G46520 and P53497.
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